Stress responses play an important role in shaping species distributions and robustness to climate change. We investigated how stress responses alter the contribution of additive genetic variation to gene expression during development of the purple sea urchin, Strongylocentrotus purpuratus, under increased temperatures that model realistic climate change scenarios. We first measured gene expression responses in the embryos by RNAseq to characterize molecular signatures of mild, chronic temperature stress in an unbiased manner. We found that an increase from 12 to 18°C caused widespread alterations in gene expression including in genes involved in protein folding, RNA processing and development. To understand the quantitative genetic architecture of this response, we then focused on a well-characterized gene network involved in endomesoderm and ectoderm specification. Using a breeding design with wild-caught individuals, we measured genetic and gene-environment interaction effects on 72 genes within this network. We found genetic or maternal effects in 33 of these genes and that the genetic effects were correlated in the network. Fourteen network genes also responded to higher temperatures, but we found no significant genotype-environment interactions in any of the genes. This absence may be owing to an effective buffering of the temperature perturbations within the network. In support of this hypothesis, perturbations to regulatory genes did not affect the expression of the genes that they regulate. Together, these results provide novel insights into the relationship between environmental change and developmental evolution and suggest that climate change may not expose large amounts of cryptic genetic variation to selection in this species.
Introduction
Global climate change is exposing many species to stressful, and often, novel environments (Parmesan & Yohe 2003; Gienapp et al. 2008) . Many species have shown changes in their phenology or distribution over the past century, and these changes are predominantly in the direction predicted by increasing temperatures (Parmesan & Yohe 2003; Root et al. 2003) . However, organisms possess mechanisms to buffer their development and physiology against the effects of deleterious temperatures (Hochachka & Somero 2002) . These include the heat shock response (Lindquist 1986 ), developmental arrest (Lindsley & Poodry 1977) and behavioural accommodation (Huey 1974) . The robustness of buffering mechanisms to increased temperatures may be a key determinant of a species' future health and persistence (Huey et al. 2009; Somero 2010; Tomanek 2010) .
While many buffering mechanisms (such as heat shock gene regulation) are highly conserved over long evolutionary periods (Lindquist 1986; Feder & Hofmann 1999) , closely related species can differ drastically in their tolerance of higher temperatures (Huey et al. 2009; Kellermann et al. 2009 ). This observation suggests that temperature tolerance can evolve rapidly. The mechanisms and evolution of stress responses can be directly linked: the way that a species responds to stress determines not only its immediate tolerance level, but can affect its potential to evolve increased tolerance over the long term. Stressful conditions can alter the expression of standing genetic variation, or expose novel genetic variants, by activating different genes and pathways and by lifting internal buffers on noise and disturbing homoeostasis. This 'cryptic' genetic variation then becomes visible to selection (Hoffmann & Hercus 2000; Gibson & Dworkin 2004; Schlichting 2008; Pfennig et al. 2010) . These gene-environment interactions (GEIs) modify the genetic architecture of traits and can accelerate or hinder adaptations (Masel 2006) . Near-term climate changes are likely to be too rapid for new mutations to provide material for adaptation (Bü rger & Lynch 1997) , so evolutionary adaptations may rely on standing (but potentially hidden or cryptic) genetic variation within species.
The purple sea urchin, Strongylocentrotus purpuratus, is a keystone species along the Pacific coast of North America, found in intertidal and subtidal waters from Alaska to Cedros Island, Mexico (Cochran & Engelmann 1975; Pearse 2006) . It has an enormous population size and high genetic diversity, averaging at least one mismatch between two individuals every 50 bases along the genome (Sodergren et al. 2006) . S. purpuratus has little large-scale genetic structure along its range (Palumbi & Wilson 1990; Kenner 1992; Pespeni et al. 2011) , although there may be local genetic differentiation (Edmands et al. 1996) . Seawater temperatures in this region vary greatly with season, latitude and depth, reaching 4°C in the winter at the northern extreme, and >20°C during the summer in the south (Osovitz & Hofmann 2005) . However, not all temperatures are equally permissive of growth and development. Seasonality in temperature likely plays a role in determining reproductive timing: temperatures above 17°C are detrimental to gametogenesis (Basch & Tegner 2007) and may prevent spawning (Cochran & Engelmann 1975) . Early embryonic stages are generally thought to be the most sensitive to temperature stress (Andronikov 1975; Fujisawa 1989; Fujisawa & Shigei 1990) , and thus may determine tolerance ranges for normal development (Sewell & Young 1999) . Climate changes this century are predicted to warm global surface temperatures by 1.1-6.4°C (IPCC 2007) . While such an increase is unlikely to prevent development of embryos from all but perhaps the most southern populations, it will expose more populations to conditions that cause abnormal development Strathmann 1987; Azad et al. 2011 ) and create stressful conditions that affect dispersal and reproductive success (Hammond & Hofmann 2010; Byrne et al. 2011) . Here, we investigated the response of S. purpuratus embryos to a stressful, but realistic temperature range (12-18°C), and asked if such temperature variation exposed evolutionary relevant GEIs by perturbing developmental gene regulatory networks.
In doing so, we took advantage of both a key feature of S. purpuratus biology and the rich history of prior work on this system. S. purpuratus is a broadcast spawner that produces large numbers of synchronous embryos (Strathmann 1987) , making it amenable to studies of functional genetic variation in wild outbred individuals using controlled breeding designs (Lynch & Walsh 1998) . In part because of their high fecundity, they have also become an important model system for animal development (http://www.SpBase.org, Sodergren et al. 2006) , and for responses to natural and unnatural environmental stresses Fujisawa 1993; Roepke et al. 2005; Todgham & Hofmann 2009 ). Most importantly for this work is the availability of an extremely well-characterized gene regulatory network for endomesodermal and ectodermal specification in embryos-probably among the best-characterized developmental networks currently available in any animal system (Davidson et al. 2002; Angerer & Angerer 2003; Oliveri et al. 2008; Peter & Davidson 2010 ). This network consists of transcription factors, signalling molecules and terminal differentiation (structural) genes that are expressed in distinct spatial and temporal patterns during development. The known regulatory relationships among these genes constitute a large proportion of the regulatory interactions necessary for specifying gene expression patterns and determining cell fates throughout embryogenesis. We used this network to test how genetic variation and environmental perturbations during development may be buffered or transmitted through known network relationships.
Specifically, we took a novel systems-genetics approach to study how environmental stress influences gene-gene interactions and GEIs, and how this may be important for future adaptation in this species. At the molecular level, stress responses require the activation or repression of specific genes and pathways to buffer other critical cellular systems (Richter et al. 2010) . Therefore, measuring the activity and success of a stress response requires characterizing both the responses of genes involved in the buffering, and the stability of the buffered systems. To do so, we measured transcriptome-wide plasticity to identify components of the S. purpuratus stress response. Next, in a more in-depth analysis, we focused on the critically important and well-characterized endomesodermal developmental gene regulatory network to study how gene regulatory interactions are buffered in the face of such perturbations. Lastly, we tested for GEIs in this network across genetic backgrounds from a natural population, and asked if the response of the network to environmental stress was genetically variable. These combined approaches provide a powerful lens through which we can assess the functional and evolutionary implications of environmental change in an important developmental model species.
Methods

Animal rearing
Adult sea urchins were collected by professional divers at the Monterey Abalone Company (Monterey, CA), and shipped overnight to Durham, NC, where they were kept in artificial seawater (ASW; Coral LifeÒ) basins at 15°C. Individuals that spawned in transit were removed and the remaining individuals were kept for <1 month before spawning. As fertilization is external in this species, there are no constraints on the number or order of crossings among male or female parents. 32 crosses in a North Carolina II breeding design (Comstock & Robinson 1948; Lynch & Walsh 1998 ; see Appendix S1, supporting information) were performed to create pools of full-sib and half-sib embryos appropriate for genetic analysis. Standard procedures were used for spawning and raising urchin embryos (Strathmann 1987; Wray et al. 2004) . For each of two experimental replicates, eggs from four females were split among 16 beakers and fertilized by the addition of a dilute concentration of activated sperm from one of four males in a factorial design. Fertilization rates were all above 90%.
After fertilization at 12°C, embryos were poured into rearing dishes with 250 mL ASW preconditioned to one of three temperatures (12, 15 or 18°C) . Each condition was maintained in a separate environmental growth chamber in the Duke Phytotron. Two replicate dishes of each family were cultured at each temperature in a randomized design. 15 and 18°C cultures were allowed to warm slowly in 50 mL of water for 30 min before being poured into their experimental dishes. All steps from fertilization to final culture dish were accomplished within 15 min for cultures maintained at a given temperature. In total, the entire process required 1 h from the time of fertilization until all cultures were growing at the appropriate temperature. Embryos were grown at moderate densities (c. 5-10 ⁄ mL) to reduce effects of crowding.
Sample collection
Cultures were raised until the embryos reached the early gastrula stage (Fig. 1a,b) . We chose the point when the archenterons extended 1 ⁄ 3 through the blastocoel as this provided a reliable, time-independent morphological indicator of stage across temperature treatments. Once several indicator cultures had reached this stage within a given temperature condition, we collected all cultures at that temperature for morphological analysis and RNA extraction. For morphological analyses, at least 20 embryos were fixed with 4% paraformaldehyde in ASW at pH 8.3 and then washed into 100% ice-cold methanol for storage at )20°C. For RNA collection, samples were centrifuged briefly, the ASW removed by aspiration, 600 mL of RLT buffer (Qiagen, Valencia, CA) with 1% b-mercaptoethanol added and then vortexed vigorously for 15 s to lyse the cells. Samples were stored in RLT at )80°C.
Morphological analysis
We photographed 12-23 embryos for morphological analysis from each culture to assay developmental rate and size differences among cultures. Embryos were washed into phosphate-buffered saline and photographed in lateral view using a Zeiss Axioskop 2 with Axiovision v4.6 so that the extent of archenteron invagination could be assessed. Two measures were collected from each picture using ImageJ v1.41 (Abramoff et al. 2004 , Fig. 1a ): (i) the distance from the vegetal pole to the exterior tip of the archenteron and (ii) the distance from the vegetal pole to the interior edge of the ectoderm at the animal pole. The ratio of these two lengths was used as a measure of the stage of the embryo (0 prior to gastrulation and 1 when gastrulation is complete). The length of the embryo along the animal-vegetal axis was used as an estimate of the total size of the embryo. We accounted for slight differences in developmental stage among cultures in all downstream analyses using a linear model as described below.
RNA preparation
RNA was extracted using the RNeasy 96 kit (Qiagen), following the manufacturer's instructions. RNA quantity was measured using a NanoDrop (Thermo Scientific, Wilmington, DE) and concentrations were adjusted to be 50-200 ng ⁄ lL with RNase-free water (the range appropriate for a DASL (cDNA-mediated Annealing, Selection, extension, and Ligation) assay; see below).
Gene expression measurements
We used three different platforms to measure gene expression differences among cultures. Details of the experimental procedures and analytical methods are presented in the Appendix S1 (Supporting Information). All analyses were performed in R (v1.13.1, R Development Core Team 2010).
Quantitative real-time PCR (qPCR) was used to measure the expression of two chaperone genes involved in environmental stress responses (Hsp70 and Hsp90) in all 12 and 18°C cultures from the first experimental replicate. Expression was quantified relative to a control gene (RBM8A) using the methods of Pfaffl (2001) and Hellemans et al. (2007) . Tests for differential expression were based on three-way ANOVA on log 2 relative expression values (Appendix S1, Supporting information).
Strand-specific RNA-seq on the SOLiD 3 plus platform (Life Technologies) was used to measure the transcriptome-wide expression of seven samples representing three female and two male parents at 12 and 18°C (Table S3 , Supporting information). An average of 37 million reads per sample were mapped to the S. purpuratus genome v3.1 (http://www.SpBase.org, Sodergren et al. 2006 ) using Bowtie (v.0.12.7, Langmead et al. 2009 ). Uniquely mapped reads were counted in 26 428 nonoverlapping gene models with HTseq (http://www -huber.embl.de/users/anders/HTSeq). As counting variance is much higher for low-expressed transcripts, we excluded all gene models with fewer than an average of 10 reads per sample. We assessed differential expression by culture temperature condition among the remaining 14 454 genes using the R package edgeR (v.2.2.6, Robinson et al. 2010 , McCarthy et al. 2012 . False discovery rates (FDR) were controlled using the method of Benjamini & Hochberg (1995) . Genes were assigned to functional categories based on the mappings of S. purpuratus genes to ENSEMBL proteins of Oliver et al. (2010) . Tests for significant enrichments of differentially expressed genes in functional categories were performed using the wilcoxon.py script of the python package pyEnrichment (http://www.duke.edu/~ofedrigo/Olivier_Fedrigo/ PythonScripts.html).
The microarray-like Illumina DASL Assay (Kuhn et al. 2004 ) was used to measure the expression of genes within the sea urchin endomesodermal and ectodermal gene regulatory network in all 192 cultures. We designed 384 probes to target 72 important developmental genes, and then curated these probes to identify sets that were consistent across each transcript (Table S4 , Appendix S1, supporting information). Samples were first normalized to the a priori chosen control gene, RBM8A. However, as the RNA-seq data suggested RBM8A gene expression slightly declined at 18°C (log 2 FC = )0.19), we performed a second normalization step so that the mean expression of four genes with the smallest estimated temperature effects in the RNA-seq data (Chordin, Not, Fmo2 and FoxN-2 ⁄ 3) was identical across temperatures. Little is known about splicing variation among transcripts or conditions in this species. We attempted to avoid differential splicing events by excluding probes from the analysis if they were not correlated with other probes targeting the same gene.
Quantitative genetics analysis
We used a Bayesian hierarchical mixed effects model to quantify the effects of the temperature treatment, genetic background and other parental differences on the expression of each gene measured in the DASL assay. We fit models for each gene by Markov Chain Monte Carlo simulation using a Gibbs sampler coded in R. Details and derivation of this model are given in the Appendix S1 (Supporting information), and code will be posted on Dryad. Briefly, we fit the transcript expression level of each gene as an unobserved latent variable, using the 2-6 probe measurements of this transcript per sample as independent estimates of this expression. We modelled the variation in transcript expression using a linear mixed effect model with fixed effect predictors of temperature and developmental stage, and random effects corresponding to the male and female parents of each culture. We also fit all pairwise interactions between male, female and temperature as additional random effects. We used a heavy-tailed t-distribution for the residual error structure to account for the apparent non-normal error distribution of individual probe measurements in the DASL assay. Posterior distributions were summarized as a mean and credible interval spanning the central 95% of posterior samples. We assessed the significance of temperature or parental effects on gene expression levels by asking whether this credible interval overlapped zero.
Network-level analyses
We collected the set of known interactions among our genes in the BioTapestry representations of the endomesodermal network (http://www.biotapestry.org, Longabaugh et al. 2005 ) and the ectodermal network from the Davidson lab website (http://www.its. caltech.edu/~mirsky/) as of 5 September 2011. In total, 52 of the 73 assayed genes contribute to 93 transcriptional regulatory events (interactions) among genes between 28 and 30 h postfertilization (hpf), at 15°C, equivalent to the timing of sampling in the current study (Table S5 , Supporting information). When two genes were known to form a complex that then regulates a downstream gene, changes in the concentration of either upstream gene could regulate the activity of the complex, so we counted two interactions: one linking each upstream gene to the downstream target.
We then explored the influence of network connections by measuring the correlation in gene expression owing to either temperature or parental effects between pairs of genes known to interact. Because some regulatory genes encode activators and others repressors, we tested for positive correlations between activators and their targets, and negative correlations between repressors and their targets.
For temperature effects, we tested the Pearson correlation of temperature effects of upstream and downstream genes. We also explored other metrics that may be less sensitive to the distribution of temperature effects, such as a binary sign test in which we counted the number of upstream-downstream pairs that either both increased or both decreased more than an a threshold of |log 2 FC| = 0.05. Results were similar for all methods.
For male parent effects, we calculated the Pearson correlation between the eight male parent effects for each upstream gene-downstream gene pair, multiplied this correlation by )1 if the upstream gene was a repressor and averaged these correlations across the network. We used the posterior means of male parent effects from the quantitative genetics models described above for each gene. Female effects were tested similarly.
To assess the significance of network effects, we used randomization tests to account for the fact that each interaction is not independent (for example, one upstream gene can regulate several downstream genes). For each of 10 000 randomizations, we permuted the labels of all 52 genes involved in interactions and recalculated the test statistic. This preserved both the distribution of responses among genes and the network topology, but randomized the interaction partners of each gene.
To test for an influence of spatial expression patterns on gene expression variation, we extracted the annotated expression domains for each gene at 27 hpf from BioTapestry (Table S4 , Supporting information). There are 18 regions specified in BioTapestry, and most of the 72 target genes were expressed in one or more of these regions. Three regions (skeletal micromeres, the oral ectoderm and the veg 1 region) each had five or more genes expressed throughout the region and nowhere else. We tested if gene expression patterns were correlated among genes if they shared entirely overlapping expression domains. For temperature effects, we tested the effect of expression domain using an F-test from a one-way ANOVA with the three above regions (plus 'other') as predictors. To assess significance, we permuted the region labels as above and compared the actual P-value to the distribution of randomized P-values. For male and female effects, we calculated the pairwise correlations of breeding values among all genes, and tested if the mean correlation among genes with entirely overlapping expression domains was higher than for randomly selected genes.
Results
Higher temperatures cause mild developmental stress
Embryos raised at each temperature developed successfully through the gastrula stage. Even those at the highest temperature (18°C) showed no obvious increase in mortality or developmental abnormalities at gastrulation (Fig. 1b) or through the pluteus stage (5 days at 12°C). Developmental rates were strongly dependent on temperature (Loeb 1916; Fujisawa 1993) : cultures reached the mid-point of gastrulation after 23 h postfertilization (hpf) at 18°C, 28.5 hpf at 15°C and 37.5 hpf at 12°C (Fig. 1b) . Embryo morphology was also affected by temperature: embryos grown at 18°C were significantly shorter along the animal-vegetal axis (Fig. 1c) . Decreased larval size has been observed previously in larvae grown at higher temperatures, possibly owing to increased metabolic demands of development (Chen & Chen 1992) . Here, embryos cultured at higher temperatures appeared to have more irregular-shaped blastocoels, and slightly less ordered cells in the ectoderm. Additionally, the expression of two chaperone genes, Hsp70 and Hsp90, was increased at 18°C (Hsp70: log 2 FC = 2.24, t 39 = 4.22, P = 0.0001, Hsp90: log 2 FC = 2.60, t 37 = 8.03, P = 1e-9. Both models were log 2 (exp) ij = Temp i + Female j + e ij ), providing additional evidence that this temperature was stressful for development (Fig. 1d) .
Several important cellular processes are affected by temperature
The higher heat shock gene expression but uncompromised gastrulation at 18°C suggests that the embryos successfully buffered their development against temperature stress. Before focusing in more detail on how our focal network of developmental regulatory genes responded to this stress, we used RNA-seq to perform a relatively unbiased assay of temperature plasticity throughout the sea urchin embryonic transcriptome.
This analysis allowed us to characterize the range of developmental changes that occurred between cultures grown at 12°C or 18°C and provided context for interpreting the observations of genetic and GEI variation within the focal network. At a FDR of 5%, seawater temperature affected 2036 of the 14 420 assayed genes (14%, Fig. 2a ). Of the differentially expressed genes, 1207 changed more than 50% (absolute value of log 2 fold change (log 2 FC) > 0.58) and 478 changed more than twofold (|log 2 FC| > 1), with more genes in each category increasing at 18°C relative to 12°C (50%: 696 up, 511 down, twofold: 325 up, 153 down). The genes that decreased at 18°C relative to 12°C tended to be moderate-to-highly expressed, while genes that increased were similar in distribution to temperatureinsensitive genes (Fig. 2b) . The lack of down-regulated low-expressed genes was not due either to a floor effect, which would occur if low-expressed genes could not decrease further, or to reduced statistical power. Indeed, some low-expressed genes did exhibit further decreases in expression at 18°C (Fig. 2a) , and we observed a similar lack of down-regulated lowexpressed genes if genes were ordered by their average expression over both temperatures, instead of their 12°C expression. By ordering genes in this way, we removed the discrepancy in power between detecting up-and down-regulated genes.
To explore cellular processes affected by temperature stress, we tested for enrichment of specific functionally related genes sets among the genes either up-regulated or down-regulated at 18°C. Each S. purpuratus gene model was assigned functional classifications in the PANTHER Molecular Function ontology (v6.1) as previously Genes that decreased at 18°C relative to 12°C tended to be high expressed at 12°C. Kernel density curves of the expression (RPKM) those genes that increased (orange) decreased (green), or did not change (grey) at 18°C relative to 12°C at a FDR of 0.05.
described (Oliver et al. 2010) . Among genes up-regulated at 18°C, we found 14 Molecular Function categories with a significant enrichment at a FDR of 5% (Table 1A , Fig. S1A , supporting information). These categories were consistent with induction of cellular responses to unfolded proteins and reactive oxygen species, and alterations in membrane properties (ion channels), cell-cell signalling (G-protein coupled receptors) and protein or energy metabolism (transferases). At the same FDR threshold, 26 Molecular Function categories were enriched for down-regulated genes (Table 1B , Fig. S1B , Supporting information). These categories included genes involved in energy-expensive processes such as transcription and RNA processing, as well as cell structure and skeletal elements, cellular defence components and developmental processes.
Gene network analysis reveals a well-buffered temperature response
While the RNA-seq data were useful for identifying developmental and physiological processes altered at high temperatures, with such a modest sample size, they provide limited insight into the genetic architecture of these responses. Genetic variation in responses to the environment (gene-environment interactions, or GEIs) may be important for a species to evolve under changing climates. Gene expression traits offer an opportunity to understand the mechanisms that create GEIs by studying the effects of the environment on the control of gene expression. GEIs can arise because of environmental effects on the upstream (trans-acting) regulatory genes, interactions of these regulatory genes with promoter regions or from changes in post-transcriptional regulation. As such, transcriptional gene regulatory networks that control gene expression may be important for understanding GEIs in gene expression. To explore how transcriptional regulatory networks influence GEIs, we investigated the transmission of temperature effects (an environmental perturbation) and genetic effects (a genetic perturbation) through the wellcharacterized endomesodermal and ectodermal gene regulatory network that controls cell type specification and development in sea urchin embryos. To do so, we used a DASL assay to greatly expand our sample size relative to the RNA-seq data set to capture these responses both across a larger set of genetic backgrounds, and over three temperatures (12, 15 and 18°C) instead of two. Higher temperatures caused considerable changes in the expression of genes in the network (Fig. 3) . Overall, 14 of the 72 assayed genes exhibited changes in gene expression between the 12 and 18°C temperature conditions, with similar numbers increasing and decreasing with temperature Genes were assigned to PANTHER Molecular Function categories as in Oliver et al. (2010) . Categorical enrichments were performed using scripts written by O. Fedrigo (See Methods), with significance assigned using a Wilcoxon signed rank test. Adjusted P-values were assigned based on the Benjamini & Hochberg (1995) multiple comparisons method using the R function p.adjust. A) PANTHER Molecular Function categories enriched for up-regulated genes with adjusted P < 0.05. B) PANTHER Molecular Function categories enriched for down-regulated genes with adjusted P < 0.05.
(r = 0.71 between the two independent replicates of the experiment: Fig. S2A , Supporting information). Temperature effects were generally gradual: in most cases, the expression at 15°C was intermediate between the expressions at 12 and 18°C (Fig. 3 , r = 0.77 between 15 and 18°C responses), and all but six were smaller in absolute value than 0.15(log 2 )-fold. We observed no relationship between the presence of temperature effects and embryonic territory (Fig. 4) or functional classes of genes. Temperature accounted for 0.27-17% (median 3.7%, Fig. S3 , Supporting information) of the total expression variation among pooled samples of embryos (residual biological variation among individuals and cultures was confounded with technical variation in the DASL assay). Slight variations in developmental stage among cultures had minimal effects on expression overall (Figs S3 and S4, Supporting information). Importantly, the modest effects of temperature in the DASL assay did not reflect a lack of accuracy of the DASL assay relative to the RNA-seq analysis. Sixty-six genes in the network were successfully measured by RNA-seq, and the estimated change in gene expression (in log 2 FC) between 12 and 18°C was correlated across the two platforms (r = 0.68, Fig. S2B , Supporting information). However, the log 2 FC estimates from the RNAseq data were considerably larger (8·, Fig. S2B , Supporting information) than the DASL estimates, likely reflecting the greater dynamic range of the RNA-seq platform. This difference does not affect comparisons among genes or between environmental and genetic perturbations within the network because all genes were subject to the same compression in DASL. The range of temperature effects observed in this target set of developmental genes was not unusual across the transcriptome (median |log 2 FC| for network genes: 0.22 vs. 0.25 for randomly selected genes in RNA-seq, 95% interval 0.18-0.34 based on 10 000 samples).
To test if the regulatory interactions among the genes in the network influenced the pattern of responses to temperature, we considered all pairs of genes that interact during early development and tested whether they were more correlated in their expression responses than expected by chance. We found no evidence that the temperature responses of upstream genes and their downstream targets (n = 93 transcriptional interactions among 52 genes) were more similar than expected (r = 0.04, P = 0.30, Fig. 4) . Additionally, genes with completely overlapping expression domains at 27 hpf did not have similar responses to temperature (ANOVA F 3,48 = 1.13, permutation-based P = 0.34). Therefore, perturbations to genes in this network caused by temperature appear to be buffered sufficiently by the developmental system to the extent that the observed differences in the expression of upstream regulators did not systematically result in similar responses in the downstream genes they regulate.
Common genetic and maternal effects, but few gene-environment interactions in gene expression
If significant GEIs contribute to the variation in gene expression among embryos, then selection could potentially lead to more optimal gene expression responses to temperature. Our full-factorial crossing design allowed us to test for, and estimate the magnitude of, maternal, genetic and GEI effects on the gene expression traits. Each of the 32 cohorts of embryos was started with eggs from one of eight wild-caught, outbred female urchins, and sperm from one of eight similarly outbred male urchins. Thus, the embryos within each culture were full-sibs, embryos in cultures that shared either a male parent or a female parent were half-sibs and all other embryos were unrelated, permitting estimates of genetic parameters with mixed effect models (Lynch & Walsh 1998) . We found little evidence for GEIs between the sampled genetic backgrounds and temperature in the genes of the endomesodermal and ectodermal gene regulatory network. Five genes had significant female parentby-temperature (FxT) effects, but no genes had significant male parent-by-temperature effects (MxT). Both FxT and MxT effects contributed little to the overall variation (maximum variance explained by FxT effects was 4%; maximum by MxT effects was 0.5%, Fig. S4 , Supporting information). In urchins, male parents only contribute to their offspring through their sperm, which carry little more than DNA. Thus, male parent effects in the embryos are likely due to genetic variation. In contrast, female parents contribute nutritional yolk as well as packaged proteins and mRNAs in eggs (Bertram & Strathmann 1998) . Thus, female parent-associated variation is owing to a combination of genetic variation and maternal effects (some, but not all, of which may be genetically based as well). Therefore, female parent-bytemperature effects are not by themselves convincing evidence of GEIs. We found a similar result for the two chaperone genes, Hsp70 and Hsp90. Both of these genes had significant female parent effects at 18°C, but not at 12°C, and no significant male parent effects at either temperature (Table S6 , Supporting information). Fig. 4 Endomesoderm and ectoderm gene network response to higher temperatures. The sea urchin endomesoderm gene regulatory network controls early cell fate specification and morphological patterning in embryogenesis. This representation of the network is adapted from the BioTapestry model from the Davidson lab website: (http://www.its.caltech.edu/~mirsky/). The network becomes subdivided during embryogenesis into three major territories-the skeletogenic, the endomesodermal and ectodermal cells. All 72 network genes assayed are displayed, including the known regulatory relationships at gastrulation. Genes are placed in a territory where they are expressed at 27 h postfertilization (hpf) at 15°C, corresponding to the sampling time in this study according to BioTapestry. Arrows show positive regulatory events that are active at 27 hpf, and lines ending in bars show repressive regulatory events. All ectoderm regulatory events shown here (http://www.its.caltech.edu/~mirsky/) are assumed active. Genes are coloured according to the magnitude of response to 18°C temperatures (more red = larger increase, more blue = larger decrease). Lines are coloured according to the product of the temperature responses of the two connected genes. Higher scores (more green for positive regulation and more purple for repression) indicate a greater similarity between the temperature response of a regulatory gene and the response of the gene it regulates. The mean correlation of interacting genes (r = 0.04, corrected for repressive regulators by multiplying by )1) was well within the range based on randomizing the temperature responses among genes, but preserving the topology of the network (P = 0.30, by randomization).
In contrast, parental main effects, which average genetic and maternal effects over the three temperatures, were common among the developmental genes. We detected significant female parent effects in 24 of the 72 genes, and significant male parent effects in nine of the same 24 genes as well as nine others. These parental main effects on gene expression tended to be larger than the effects of temperature. We estimated the additive genetic variance in each gene expression trait as four times its fitted male effect variance (Lynch & Walsh 1998) . For 82% of the genes (all but 13), the square root of the estimated additive genetic variance was greater than the difference in expression between 12 and 18°C (Fig. 5a ). Female effects tended to be larger than male effects (Wilcoxon signed rank test of fitted female and male variances: V = 1686, P = 0.037, Fig. 5b ), as expected, suggesting that maternal effects were also important for several genes.
We tested if the maternal and genetic effects on developmental genes were also independent of the regulatory interactions in the network as the effects of temperature had been. For male effects, the mean correlation of breeding values across interacting gene pairs was 0.45, considerably higher than expected (0.34, P = 0.0045 compared to 10 000 permuted data sets: Fig. 6 ). This result suggests that, in contrast to temperature perturbations, perturbations to gene expression owing to genetic variants were transmitted through the network. Surprisingly, female effects were not similarly transmitted. The mean correlation of the female effects among interacting genes was lower than for male effects, 0.28, and was not significantly greater than expected by chance (0.23, P = 0.20). As with temperature effects, we observed no significant relationship between spatial expression domain and either male effect correlations or female effect correlations (P = 0.51 and 0.98, respectively). Fig. 6 Male effect correlations were greater among directly interacting genes. Network diagram is as in Fig. 4 . Here, genes are coloured according to the magnitude of the male effect variance, and edges are coloured according to the correlation between the male breeding values for the upstream and downstream genes. Overall, male effect correlations (corrected for repressive regulators by multiplying by )1) among interacting genes were higher than expected by chance (P = 0.0045).
Discussion
In Monterey Bay, on the central coast of California, warming temperatures over the past century have been linked to widespread changes in species distributions and abundances (Barry et al. 1995) . We collected adult S. purpuratus from this region and tested the robustness of their embryos to further increases in seawater temperature. Current seasonal variation in sea surface temperature in the bay ranges from about 12°C in the winter to about 15°C in the summer (NOAA NVODS ferret.pmel.noaa.gov ⁄ NVODS). The typical spawning season of S. purpuratus across its range is December to March (Strathmann 1987) , although ripe females can be found in June (Pearse et al. 1986 ). Thus, early embryos in Monterey Bay are unlikely to experience temperatures above 13-14°C. However, climate models such as the A1B scenario of the International Panel on Climate Change predict that by the year 2010, temperatures in the bay will increase 1-3°C (CM2.1U-H2_SresA1B_X1 model from NOAA GFDL, Delworth et al. 2006) , potentially bringing June temperatures as high as 17°C. Even today, in the southern-most portion of the species' range, June sea surface temperatures are 17.5°C (Cedros Island, Mexico. NOAA NVODS), suggesting that our experimental treatment of 18°C, while high, is not unreasonable for this species, and may even be a common temperature for early embryos from southern populations within a century.
In embryos cultured at 18°C, we observed both an up-regulation of stress response pathways and changes in embryonic morphology at the gastrula stage, suggesting that this environment was stressful for embryogenesis. Specifically, we observed a decrease in size along the embryonic animal-vegetal axis in embryos raised at 18°C, potentially signifying a more rapid depletion of energy stores during development (Koehn & Bayne 1989; Chen & Chen 1992) or increased asynchrony between cell division and morphogenesis at a greatly increased (60% faster) growth rate. On the molecular level, these effects were reflected by signatures of temperature-induced stress throughout the embryonic transcriptome: a dramatic up-regulation of chaperones; consistent changes in the regulation of genes involved in development, RNA processing and metabolism reflective of developmental stress (Gasch et al. 2000) ; and subtle, but potentially important alterations in the expression of key developmental regulatory genes involved in the sea urchin endomesodermal and ectodermal gene regulatory network. Together, these results provide insight into the molecular mechanisms by which sea urchin embryos use global stress responses to buffer critical developmental pathways, and how developmental systems can affect evolutionary responses to climate change.
An induction of heat shock gene expression was expected given similar observations in a wide array of species (reviewed in Lindquist 1986; Feder & Hofmann 1999) . However, such an induction of Hsp70 (or any other Hsp) had not been previously demonstrated in S. purpuratus embryos cultured at 18°C, a relatively subtle but environmentally relevant thermal stress. All previous studies on Hsp70 expression in S. purpuratus embryos had tested the gene expression response to a sudden, transient and larger increase in temperature (e.g. Bédard & Brandhorst 1986; Sanders & Martin 1994; Hammond & Hofmann 2010) . In these prior experiments, increased Hsp70 expression was not observed until temperature shocks reached 21-25°C. Here, we have shown that chronic exposure to much lower intensities of thermal stress can induce clear and consistent heat shock gene expression responses. This is significant, given that global climate change will probably involve continual exposure to more moderate temperature increases. A detailed comparison of gene expression responses to chronic vs. transient high temperatures is an important avenue for future study.
While transcriptome-wide measures of stress responses are useful for discovering important cellular, developmental and physiological processes, we were also interested in how developmental mechanisms of gene regulation would be affected by environmental stress. By themselves, changes in the expression of individual genes provide little insight into the impact of environmental change on developmental processes. It is difficult to know whether a given change in the expression of a particular gene might have functional consequences within the organism, as the threshold for downstream effects is likely to be different for every gene (Oleksiak et al. 2005) .
We therefore focused attention on the regulation of a smaller set of genes that compose an exceptionally wellstudied gene regulatory network (Davidson et al. 2002; Angerer & Angerer 2003; Oliveri et al. 2008; Peter & Davidson 2010) , namely the endomesodermal and ectodermal developmental network. Within the context of this network, we hypothesized that the importance of a perturbation to a particular gene could be measured, at least in part, by assessing the correlation between that perturbation and perturbations to the downstream genes that the focal gene is known to regulate. In this way, an explicit regulatory network provides a partial solution to the problem of classifying 'important' vs. 'unimportant' changes in gene expression. Certainly, many developmental genes have functions beyond their role within known networks. However, within a network, specific predictions can be made about the outcome of perturbations to particular genes, and these predictions can be tested by comparison with the observed data. Here, we tested if either temperature perturbations or functional genetic variants segregating in wild sea urchins are transmitted through known gene regulatory relationships.
Overall, we found that environmental perturbations to the expression of the network genes were well buffered, at least at the 15 and 18°C temperatures we tested. We did observe effects of higher temperature on several genes in the network, but there was no evidence that perturbations to upstream genes were transmitted through the network to their downstream regulatory targets. For example, the two most up-and downregulated genes with known upstream regulators in the network were Brn1 ⁄ 2 ⁄ 4 and FoxB, respectively (Figs 3 and 4). Brn1 ⁄ 2 ⁄ 4 is a midgut-specific transcription factor with a later role in the regulation of Endo16 (Yuh et al. 2005) . FoxB is a forkhead transcription factor involved in skeletal differentiation in the embryos (Tu et al. 2006) . At the developmental stage we measured, Brn1 ⁄ 2 ⁄ 4 has no known downstream targets but is itself positively regulated by GataE, Blimp1-Krox and Otx (Fig. 4) . Brn1 ⁄ 2 ⁄ 4 was significantly up-regulated at 18°C, but GataE appeared slightly down-regulated, Otx slightly up-regulated and Blimp1-Krox was unchanged at 18°C (Fig. 3 , although none of these latter effects were significant). FoxB is activated by three other skeletogenic transcription factors: Alx1, Ets1 and Tbr (Fig. 4 , Oliveri et al. 2008) . While FoxB was down-regulated at 18°C, Alx1, Ets1 and Tbr were all virtually unchanged (Figs 3 and 4) . In both of these cases, the expression plasticity of the downstream genes (Brn1 ⁄ 2 ⁄ 4 or FoxB) could not be explained by similar plasticity in their regulators. We observed similar patterns of low correlation between the expression levels of regulatory genes and their targets throughout the network (Fig. 4) .
Furthermore, temperature effects on individual genes increased gradually with higher temperatures, suggesting that the overall network state did not change dramatically at 18°C. One explanation for the observed robustness of this network to temperature may be that the parameters we measured-slight variations in steady-state transcript levels-were not sufficient to perturb its dynamics. Using a dynamic model of a developmental network, Bolouri & Davidson (2003) showed that when transcription factors act cooperatively to activate downstream genes, the behaviour of each interaction becomes switch like. Above some threshold, further increases in the expression of an upstream regulator have little effect on downstream expression. In this model, steady-state transcript levels do not dictate network dynamics. Instead, it is primarily the rates of initial activation of each gene that determine the progression of network states during development. Sea urchin development does accelerate at higher temperatures. However, previous studies have shown that this acceleration is constant across stages such that the timing of emergence of different structures is reliable (Fujisawa 1993) . Thus, switch-like regulation of genes in this network may buffer temperature effects on the steady-state transcript levels as long as the relative rates of induction among genes do not change.
It is perhaps not surprising that these sea urchins are highly capable of buffering the effects of thermal stress on development: given this species' enormous effective population size, abundant genetic variation and the extensive gene flow among populations that experience widely varying temperatures (Palumbi & Wilson 1990; Pespeni et al. 2011) , selection for alleles that promote robust development across temperatures may be very efficient. However, while temperature effects and female parent effects (which include nongenetic maternal influences) did not appear to perturb network function, male parent (purely genetic) effects did. This was not simply owing to the fact that male parent effects were larger than temperature effects; female parent effects were larger still and yet were buffered in the network. Population genetic models predict that a large population size and high genetic variation should also promote the evolution of genetic robustness. In these models, only pleiotropy among the genes involved should limit the evolution of environmental robustness, but genetic robustness may not be favoured with strong stabilizing selection (Wagner et al. 1997; Rice 2000) . Under these conditions, deleterious alleles are rapidly purged before buffering (canalization) mechanisms can evolve. Given the critical role that the endomesoderm and ectoderm genetic network plays in sea urchin development, and the conservation of modules of the network over long evolutionary periods (Hinman & Davidson 2007) , it is reasonable to assume that the network's function is under strong stabilizing selection. Thus, it may be that the observed genetic variation in the network is at this canalization limit.
This contrast between genetic effects and temperature effects provides insight into a long-standing unresolved question regarding the evolution of robustness: whether environmental and genetic perturbations are buffered by the same mechanisms (Meiklejohn & Hartl 2002; Visser et al. 2003) . In this comparison at least, it appears that the effects of temperature on expression were buffered out by the system almost immediately, while genetic effects persisted and influenced downstream developmental events. Nevertheless, the overall developmental system was robust to both forms of perturbation: embryos at all temperatures and from all parents developed successfully through embryogenesis to the larval stage. At this very local level of regulation, the mechanisms of robustness appear distinct.
The robustness of our network to female parent effects seems to contradict this hypothesis as the same diversity of genetic effects passed on by male parents will also contribute to female parent effects. However, a dominant source of maternal effect variation in sea urchin development is thought to be variability in the quality and quantity of nutritional stores provided in the egg. Variation in egg provisioning is known to be common in echinoderms-between females from deep and shallow water (Bertram & Strathmann 1998) , or from sheltered and exposed habitats (George 1999) . Thus, buffers may have evolved to compensate for variability in egg quality, swamping the signal of the remaining female-associated genetic perturbations. In support of this hypothesis, we observed variation in the heat shock response (Hsp70 and Hsp90 expression) among embryos with different female parents, but not male parents. Confirming these trends will require further study across networks, species and environments.
Finally, despite abundant functional genetic variation for gene expression among genes in the network, we observed very little evidence that genetic effects were altered by environmental stress. Such GEIs are important for evolving phenotypic plasticity and tolerance of novel environments (Via & Lande 1985; Schlichting & Pigliucci 1993) . We found only five examples of parentby-temperature variation in gene expression, and all involved differences in female effect responses to temperature. Thus, we could not rule out the possibility that all such apparent GEIs were entirely owing to nongenetic maternal effects. We can only conclude that, at least in this network, the higher temperatures that southern populations of S. purpuratus will soon experience (according to climate models of near-future climate change) are unlikely to lead to a sudden release of previously cryptic genetic variation and a boost in evolutionary innovation (Masel 2006) . This scenario may stem directly from effective buffering of temperature effects in the network: if regulatory function (rather than just expression level) is robust to perturbations, there may be little opportunity for GEIs to arise.
The buffering of environmental and genetic perturbations we have documented is a system-level feature of this gene regulatory network; they could not have been detected by studying individual genes, nor studied without detailed prior knowledge of gene interrelations. Analyses of similar networks will be crucial to placing our results in context. Based on our RNA-seq analysis, the genes of the endomesodermal and ectodermal developmental network in the embryo were typical in both their frequency and magnitude of plasticity to temperature stress relative to most other genes transcriptomewide. As in our focal network, higher temperatures only subtly altered the expressions of the majority of genes in the embryo. Instead, major temperature responses appeared restricted to a limited number of stress response, metabolic and signalling pathways. Thus, it seems likely that the patterns of functional genetic variation and GEIs in gene expression that we observed in the endomesodermal and ectodermal developmental network will be typical of many other regulatory networks in the embryos. However, it will be interesting to assess levels of genetic and GEI variation in networks directly related to thermal stress or immunity and defence in embryos, as evolution in these pathways may be the most critical for near-term adaptation. Importantly, the organization of the gene regulatory network may influence the course of evolution by allowing populations to tolerate rapid temperature changes, or by channelling the pleiotropy of genetic variants in ways that could affect responses of the developmental system to natural selection. Tracking this system in the future as marine climates continue to change will be broadly informative for understanding the evolution of robustness during development and the behaviour of genetic systems under environmental change.
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